Introduction
============

Cisplatin (*cis*-diamminedichloroplatinum II, CDDP) is one of the most effective chemotherapeutic agents used in the treatment of advanced cervical cancer. However, chemoresistance is the major reason of treatment failure. Therefore, in order to improve the clinical outcome, more effective and tolerable combination treatment strategies are required ([@b1-ijmm-36-04-0957]).

DNA damage induced by cisplatin triggers cell cycle arrest and this then leads to apoptosis. Nevertheless, it has been demonstrated that various survival signals, including mitogen-activated protein kinase (MAPK) and phosphoinositide 3-kinase (PI3K)/protein kinase B (PKB/AKT) signaling, are activated by cisplatin treatment and may thus be responsible for the chemoresistance ([@b2-ijmm-36-04-0957]). There are 3 major subfamilies of the MAPK family: the extracellular signal-regulated kinases (ERKs), the c-Jun, N-terminal kinases (JNKs) and the p38 kinases, regulating a variety of physiological processes such as cell growth, metabolism, differentiation and cell death; however, MAPK signal dysfunction could results in tumorigenesis and drug resistance. PKB/AKT, a serine/threonine kinase, functions as an oncogene and has also been implicated in resistance to chemotherapy drugs. It has been reported that the inhibition of AKT enhances the therapeutic activity of paclitaxel against cervical carcinomas ([@b3-ijmm-36-04-0957],[@b4-ijmm-36-04-0957]).

3,4,20,40-Tetrahydroxychalcone (butein), as a polyphenolic compound, is used as a food additive and a traditional herbal medicine to alleviate pain, and in the treatment of parasitic and thrombotic diseases ([@b5-ijmm-36-04-0957]). Previous studies, including ours have demonstrated that butein exerts anticancer activity, and suppresses the proliferation of a number of human cancers, including breast carcinoma, colon caner, hepatocellular carcinoma and bladder cancer ([@b6-ijmm-36-04-0957]--[@b10-ijmm-36-04-0957]). The anticancer activity of butein has been reported to involve the regulation of AKT/MAPK signaling. Butein has been shown to inhibit the activation of ERK, JNK and p38 in human hepatocellular carcinoma and breast cancer cells ([@b9-ijmm-36-04-0957],[@b11-ijmm-36-04-0957]). Moreover, butein has been shown to inhibit AKT phosphorylation, resulting in the suppression of in breast cancer and prostate cancer cell growth ([@b7-ijmm-36-04-0957],[@b12-ijmm-36-04-0957]). Based on the above-mentioned facts, we hypothesized that butein may sensitize cervical cancer cells to cisplatin by suppressing the activation of the MAPK and PI3K/AKT signaling pathways.

Materials and methods
=====================

Drugs and antibodies
--------------------

Butein and cisplatin (CDDP) were obtained from Sigma (St. Louis, MO, USA), and were dissolved in dimethyl sulfoxide (DMSO) and stored at −20°C until use. The ERK inhibitor, U0126, p38 inhibitor, SB203580, and the AKT inhibitor, LY294002, were obtained from Sigma and used at final concentrations of 10, 20 and 20 *µ*M, respectively. The following antibodies were used in western blot analysis: anti-ERK1/2 (\#9102; 1:1,000), anti-p-ERK1/2 (Thr202/Tyr204) (\#9101; 1:1,000), anti-p38 (\#9212; 1:1,000), anti-p-p38 (Thr180/Tyr182) (\#9211; 1:1,000), anti-Akt (\#9272; 1:1,000) and anti-p-Akt (Ser413) (\#9271; 1:1,000) (all purchased from Cell Signaling Technology, Danvers, MA, USA). β-actin (sc-4778; 1:5,000), forkhead box O3a (FoxO3 or FoxO3a; sc-9812; 1:1,000), Bax (sc-7480; 1:1,000), Bcl-2 (sc-7382; 1:1,000), p27 (sc-1641; 1:1,000) and cyclin D1 (sc-718; 1:1,000) antibodies were purchased from Santa Cruz Biotechnology (Santa Cruz, CA, USA). Horseradish peroxidase (HRP)-conjugated goat anti-mouse/anti-rabbit immunoglobulin (IgG; ab6721; 1:1,000) was obtained from Abcam (Hong Kong, China).

Cell culture
------------

HeLa human cervical carcinoma cells were obtained from the Shanghai Cell Bank of Chinese Academy of Sciences (Shanghai, China). The cells were cultured in RPMI-1640 medium (Gibco-BRL, Grand Island, NY, USA) supplemented with 10% bovine calf serum, 100 U/ml penicillin and 100 mg/ml streptomycin, and maintained at 37°C in a humidified atmosphere of 5% CO~2~.

Cell viability assay
--------------------

The viability of the HeLa cells following treatment with butein and cisplatin, alone or in combination, was determined using the methylthiazol tetrazolium (MTT) assay. The Cells were digested and diluted to 1×10^5^/ml. Subsequently, 200 *µ*l of the single cell suspension were seeded into 96-well culture plates. Following overnight incubation, the cells were washed with phosphate-buffered saline (PBS) and divided into groups \[control (untreated), butein-treated, cisplatin-treated and butein + cisplatin-treated cells\]; each group had 6-wells in a single line. The groups were placed in starvation medium with 0.2% DMSO or the drugs and incubated for a further 48 h. The drug-containing medium was then replaced with fresh medium. MTT solution (500 mg/ml) was added to the medium and this was maintained at 37°C for 4 h. The cells were cultured at 37°C for 4 h, 150 *µ*l DMSO was added, and the 570 nm wavelength absorption values were measured using an EnSpire Multimode plate reader (Perkin-Elmer, Waltham, MA, USA). All experiments were performed in triplicate, and repeated 3 times. Cell viability and growth inhibition were calculated as follows: cell viability rate = A570 value of the drug treated group/A570 value of the control untreated group ×100; growth inhibition rate = 1 - cell viability rate. The interaction between the 2 drugs was judged according to a method described in the study by Jin ([@b13-ijmm-36-04-0957]). Briefly, a q-value was calculated according to the formula: q = Ea + b/(Ea + Eb − Ea × Eb). The 2 drugs were considered to have additive effects if 0.85\<q\<1.15, or synergistic effects if q\>1.15, and are antagonistic if q\<0.85.

Apoptosis assay
---------------

Apoptosis was assessed using the Annexin V-FITC apoptosis detection kit according to the manufacturer\'s instructions (Sigma-Aldrich, Oakville, ON, Canada). Approximately 10^6^ cells were seeded onto sterile flat-bottom 25-cm^2^ culture flasks. The cells were treated with cisplatin and butein according to the experimental design. Following incubation for 48 h, the cells were collected, washed in PBS and resuspended in 500 ml of 1X Annexin V binding buffer and then incubated at room temperature with teh Annexin V-FITC and PI stain in the absence of light. Following a 10-min incubation, the cells were immediately analyzed by flow cytometry. Annexin V staining was detected as green fluorescence and PI as red fluorescence. The percentage of cells undergoing apoptosis was determined by 3 independent experiments.

Cell cycle analysis
-------------------

Cells were seeded at a density of 2×10^5^ cells/well in 6-well plates. Following overnight incubation, the cells were then exposed to butein and/or cisplatin for 48 h. Following incubation, the cells were then fixed for 1 h in ice-cold 70% ethanol and incubated for 30 min at 37°C with 0.5 U of RNase A (Sigma-Aldrich). DNA was then stained for 10 min with 50 *µ*g/ml of PI and the cells analyzed using a flow cytometer (FACSCalibur; BD Biosciences, San Jose, CA, USA).

Western blot analysis
---------------------

The cells were lysed with RIPA buffer (150 mM NaCl, 1.0% Nonidet P-40, 0.5% sodium deoxycholate, 0.1% SDS, 50 mM Tris, pH 8.0) containing protease inhibitor cocktail (Roche Applied Science, Mannheim, Germany). Following centrifugation for 10 min at 10000 × g at 4°C, the supernatant was collected for western blot analysis. The protein concentration were determined using the Bradford protein assay kit (Bio-Rad Laboratories, Hercules, CA, USA). Equal amounts of protein were loaded onto a 10% SDS-PAGE gel and then transferred onto nitrocellulose membranes (Pall Life Sciences-Pall Corp., Port Washington, NY, USA) using a wet transmembrane device (Amersham Pharmacia Biotech, Piscataway, NJ, USA). The membranes were blocked with 5% non-fat milk at room temperature for 1 h, probed overnight with primary antibodies followed by incubation with the appropriate HRP-conjugated secondary antibody for 2 h at room temperature. ECL reagent (Santa Cruz Biotechnology) was used to develop the blots. All values were normalized to those of β-actin.

Immunofluorescence staining
---------------------------

The cfells were grown on glass coverslips and exposed to various concentrations of the drugs for the indicated periods of time. The cells were fixed with methanol for 10 min at −20°C and permeabilized with 0.5% Triton X-100 in PBS for 5 min at room temperature, and were then blocked with goat serum for 30 min at room temperature, incubated with primary antibody to FoxO3a (1:100; Santa Cruz Biotechnology;) diluted in PBS overnight, and then incubated with fluorescent secondary antibody for 30 min at room temperature. The nucleus was counterstained with DAPI (0.5 *µ*g/ml) for 10 min in dark. The coverslips with cells were examined and photographed under a fluorescence microscope (Axio Observer Inverted Microscope; Carl Zeiss, Oberkochen, Germany).

Transfection with siRNA
-----------------------

The HeLa cells were transfected with siRNA specific to FoxO3a (5′-ACUCCGGGUCCAGCU CCAC-3′) (synthesized by Shanghai GenePharma Co., Ltd., Shanghai, China) using Lipofectamine 2000 (Invitrogen, Carlsbad, CA, USA) according to the manufacturer\'s instructions. A control non-specific siRNA (5′-UUCUCCGAACGUGUCACGUTT-3′) was used in parallel experiments as a negative control.

Animal studies
--------------

Nude mice were obtained from the Animal Institute of Xi\'an Jiaotong University, China (XJTU). In total, 12 female 6- or 7-week old nude mice were raised in autoclave cages and supplied with unlimited water and 5% fatty food. Room temperature and humidity were maintained at 26--28°C and 40--60%, respectively. All the animal-related procedures were approved by the Ethics Committee of the First Affiliated Hospital, and were adherent to the institutional guidelines and ethical standards. Suspensions of 1×10^6^ HeLa cells were injected subcutaneously into the flanks of nude mice. When the tumor volume was ≥0.1 cm^3^, the mice were treated intraperitoneally with butein (2 mg/kg/2 days, n=4) or butein (2 mg/kg every 2 days, n=4) + cisplatin (2 mg/kg every 2 days, n=4) for 3 weeks. Body weight and clinical symptoms of the mice were determined every other day. Tumor volume was calculated according to the formula: V = 0.5236 × (L × W^2^), where V represents the tumor volume, L represents the length and W represents the width. The animals were euthanized on day 22 following the therapeutic injection.

Histological examination
------------------------

Tumor samples were fixed in 4% paraformaldehyde for 24 h and embedded in paraffin blocks. The sections were dewaxed in xylene, hydrated through an upgraded ethanol series and stained with H&E, and for immunohistochemical analysis, the sections were then heated in 0.01 M citrate buffer (pH 6.0) in a steamer for 1.5 min to retrieve the antigen binding sites. The detection of antigens was carried out by incubation with primary antibody (FoxO3a, 1:200) for 2 h at room temperature, followed by incubation with HRP-labeled secondary antibody (MaxVision HRP-Polymer anti-Mouse/Rabbit IHC kit, 1:200) at room temperature for 30 min and color development with DAB. The negative control specimens were incubated in PBS without the primary antibody under the same conditions. Digital images were acquired on an Olympus BH-2 microscope (Olympus, Tokyo, Japan) installed with a DeltaPix camera and software (Delta Pix, Maalov, Denmark).

Statistical analysis
--------------------

Data are expressed as the means ± SD. All statistical analyses were performed using the SPSS 18.0 statistical software package. Statistical differences were determined by the Student\'s t-test. Differences were considered statistically significant at P\<0.05 and highly significant at P\<0.01 for all comparisons.

Results
=======

Butein synergistically enhances the cell growth inhibitory and apoptosis-inducing effects of cisplatin
------------------------------------------------------------------------------------------------------

To investigate the effectiveness of combined treatment with butein and cisplatin, the HeLa cells were treated with various concentrations of butein (10, 20 and 40 *µ*m) and/or cisplatin (10, 20 and 30 *µ*m) for different periods of time, and cytotoxicity was evaluated by MTT assay and the interaction index. Treatment with both butein and cisplatin alone inhibited cell growth in a dose- and time-dependent manner ([Fig. 1A](#f1-ijmm-36-04-0957){ref-type="fig"}). Combined treatment with 20 *µ*m butein and 20 *µ*m cisplatin for 48 h induced a marked synergistic cytotoxic effect (q-values were 1.17; [Fig. 1B](#f1-ijmm-36-04-0957){ref-type="fig"}). The apoptosis of the HeLa cells induced by butein in combination with cisplatin was further investigated by Annexin V/PI staining. As shown in [Fig. 1C](#f1-ijmm-36-04-0957){ref-type="fig"}, treatment with butein or cisplatin alone slightly increased the percentage of apoptotic cells compared to the untreated controls, while the combinatino of both drugs significantly enhanced apoptosis. These results were in concordance with those of MTT assay, illustrating the synergistic effects of butein and cisplatin.

Co-treatment with butein and cisplatin increases G1 phase arrest
----------------------------------------------------------------

A previous study demonstrated that butein induced G2/M arrest ([@b14-ijmm-36-04-0957]). Thus, in this study, we investigated whether the synergistic effects of butein and cisplatin are due to G2/M cell cycle arrest, as induced by butein. In contrast to our expectations, co-treatment with butein and cisplatin induced G1 phase arrest, which differed from the effects on the cell cycle induced by treatment with butein or cisplatin alone ([Fig. 1D](#f1-ijmm-36-04-0957){ref-type="fig"}). Furthermore, the sub-G0 DNA content was taken as a measure of the apoptotic cell population. We observed an enhancement in apoptosis in the cells treated with both butein and cisplatin compared to those treated with cisplatin alone, which is in agreement with our above-mentioned findings.

The AKT, ERK and p38 MAPK pathways are involved in the synergistic effects of butein and cisplatin
--------------------------------------------------------------------------------------------------

The role of the MAPK and AKT pathways in resistance to cisplatin has been previously reported ([@b4-ijmm-36-04-0957]). Since butein has been shown to exert its anticancer effects by inhibiting the AKT and MAPK signaling pathways ([@b11-ijmm-36-04-0957],[@b12-ijmm-36-04-0957]), in this study, we investigated whether these signaling pathways are associated with the enhanced growth inhibitory effects on HeLa cells following combined treatment with butein and cisplatin. As shown in [Fig. 2A](#f2-ijmm-36-04-0957){ref-type="fig"}, butein significantly inhibited the phosphorylation of ERK and p38 induced by cisplatin, but had obvious effect on JNK expression (data not shown). Moreover, treatment with either cisplatin or butein alone or in combination inhibited AKT activation; however, p-AKT was inhibited to a greater extent following treatment with both drugs than with cisplatin alone.

Next, ERK, p38 and AKT signaling inhibitors were used to examine the functional specificity of these signaling pathways in the synergistic effects of butein and cisplatin ([Fig. 2B](#f2-ijmm-36-04-0957){ref-type="fig"}). The HeLa cells were pre-treated with U0126 (10 *µ*m)/SB203580 (20 *µ*m)/LY294002 (20 *µ*m) for 8 h and then treated with cisplatin and/or butein for 48 h. A significant enhancement in the cytotoxic effects of cisplatin was observed following treatment with the AKT inhibitor (LY294002), even though these cytotoxic effects (with AKT inhibitor plus cisplatin) were not as prominent as those observed following treatment with both cisplatin and butein, demonstrating that the inhibition of AKT, to a certain extent, plays a role in the synergistic effects of these drugs. Notably, a slight increase in the cytotoxicity induced by cisplatin was observed when the cells were co-treated with the ERK (U0126) or p38 MAPK (SB203580) inhibitor as well as cisplatin; however, enhanced cytotoxic effects were observed following treatment with the ERK or p38 MAPK inhibitor in combination with butein and cisplatin. These findings were further supported by the results of apoptosis assay ([Fig. 2C](#f2-ijmm-36-04-0957){ref-type="fig"}). Furthermore, we observed that the inhibition of AKT (with the inhibitor LY294002) decreased the phosphorylation of ERK and p38 ([Fig. 3A](#f3-ijmm-36-04-0957){ref-type="fig"}). In addition, the inhibition of ERK by U0126 increased the phosphorylation of p38, and the inhibition of p38 by SB203580 activated ERK1/2 (with cisplatin treatment); however, the inhibition of both ERK and p38 had no obvious effect on p-AKT ([Fig. 3B and C](#f3-ijmm-36-04-0957){ref-type="fig"}).

FoxO3a and its downstream molecules play a role in the synergistic effects of butein and cisplatin
--------------------------------------------------------------------------------------------------

FoxO3a, as a tumor suppressor protein, is involved in the resistance to cisplatin ([@b15-ijmm-36-04-0957]); FoxO3a can be phosphorylated and in turn degraded by AKT and ERK ([@b16-ijmm-36-04-0957],[@b17-ijmm-36-04-0957]). Moreover, a recent study revealed that the inhibition of p38α in combination with chemotherapeutic agents promoted the activation of FoxO3a ([@b18-ijmm-36-04-0957]). Based on the above observations, we hypothesized that FoxO3a may be assoicated with the synergistic effects of butein and cisplatin. To examine this hypothesis, the subcellular localization and expression of FoxO3a were determined by immunofluorescence staining and western blot analysis. The results revealed that treatment of the cells with both agents led to an increased expression level of FoxO3a and to its translocation from the cytoplasm to the nucleus compared to the controls and the cells treated with cisplatin alone ([Fig. 4A and B](#f4-ijmm-36-04-0957){ref-type="fig"}).

In order to further confirm the role of FoxO3a in the synergistic effects of cisplatin and butein, the HeLa cells were incubated for 48 h with siRNA targeting FoxO3a and then treated with butein and cisplatin for 48 h. The RNAi-mediated downregulation of FoxO3a significantly decreased the apoptosis induced by combined treatment with butein and cisplatin in the HeLa cells ([Fig. 4C and D](#f4-ijmm-36-04-0957){ref-type="fig"}). These data provide evidence that FoxO3a plays a role in the synergistic apoptotic effects induced by butein and cisplatin.

Previous studies have demonstrated that FoxO3a functions as a tumor suppressor by regulating the expression of genes involved in apoptosis, cell cycle arrest, oxidative stress, resistance and autophagy ([@b15-ijmm-36-04-0957]--[@b17-ijmm-36-04-0957]). Thus, we also examined the expression of several molecules involved in cell cycle arrest and apoptosis, which are known as downstream targets of FoxO3a. As shown in [Fig. 5](#f5-ijmm-36-04-0957){ref-type="fig"}, butein, in combination with cisplatin, significantly enhanced the expression of p27 and decreased that of cyclin D1 compared to treatment with cisplatin alone, but had no effect on the expression of p21 (data not shown). Bax and Bcl-2 are important members of Bcl-2 family proteins and regulate mitochondrial involvement in apoptosis ([@b19-ijmm-36-04-0957],[@b20-ijmm-36-04-0957]). Co-treatment with butein and cisplatin for 48 h resulted in increased expression levels of Bax, but reduced protein levels of Bcl-2 compared to treatment with cisplatin alone ([Fig. 5](#f5-ijmm-36-04-0957){ref-type="fig"}).

Butein in combination with cisplatin suppresses tumor growth and increases FoxO3a expression in vivo
----------------------------------------------------------------------------------------------------

To determine the synergistic antitumor potential of butein and cisplatin *in vivo*, a nude mouse tumor xenograft growth model was created. The animals were administered cisplatin and/or butein by intraperitoneal injection every 2 days when the average tumor volume was ≥0.1 cm^3^. The primary tumor sizes were monitored each week. At necropsy on day 22 following treatment, the observed inhibitory effects of cisplatin on tumor volume were significant, as compared with the controls. However, we found that combined treatment (butein + cisplatin) had the most prominent effect on tumor volume ([Fig. 6A](#f6-ijmm-36-04-0957){ref-type="fig"}), while there was no obvious difference observed in body weight between the mice in the control group, and those treated with cisplatin alone or both drugs ([Fig. 6B](#f6-ijmm-36-04-0957){ref-type="fig"}). We further evaluated the effects of butein on the FoxO3a expression level in the tumor tissues by immunohistochemical staining and found that the expression of FoxO3a was substantially increased in the mice treated with both agents compared with the controls and the mice treated with cisplatin alone ([Fig. 6C](#f6-ijmm-36-04-0957){ref-type="fig"}).

Discussion
==========

Drug resistance remains a major challenge in cancer therapy and has attracted increasing attention. In the present study, to the best of our knowledge, we investigated for the first time the synergistic effects of butein and cisplatin on cervical cancer cell growth inhibition and apoptosis *in vitro* and *in vivo*, and further explored the possible mechanisms responsible for their synergistic effects.

The anticancer effects of butein have been well documented in various types of cancer ([@b6-ijmm-36-04-0957]--[@b10-ijmm-36-04-0957]). Our results also indicated that butein inhibited HeLa cell proliferation in a dose- and time-dependent manner. However, to the best of our knowledge, no previous studies on the possible synergistic anticancer effects of butein and cisplatin have been published to date. In the present study, we found that butein enhanced the growth inhibitory and apoptotic effects induced by cisplatin. The underlying molecular mechanisms were also explored. Although the signaling pathways activated by DNA damage are different from the types of DNA damage, the activation of these pathways has similar results, including cell cycle arrest and ultimately, either cell survival or cell death. In this study, butein induced G2/M arrest, which is in accordance with the findings of a previous study ([@b14-ijmm-36-04-0957]). We speculated that the synergistic effects of butein and cisplatin may be due to G2/M cell cycle arrest. In contrast to our expectations, co-treatment with butein and cisplatin increased G1 phase arrest, suggesting that enhanced G1 phase arrest plays a role in the synergistic apoptotic effects induced by combined treatment with butein and cisplatin.

It has been demonstrated that chemoresistance is due to survival signaling pathways activated during chemotherapy ([@b2-ijmm-36-04-0957],[@b21-ijmm-36-04-0957]). In the present study, we found that butein markedly reduced the phosphorylation and activation of ERK, p38 and AKT in the presence of cisplatin, but had no obvious effect on JNK (data not shown). Therefore, it is possible that butein blocks the signaling circuit involving ERK/p38 MAPK and AKT, acting as a chemosensitizer. The ERK pathway is widely accepted as an important survival regulator, and the chemical inhibition of the ERK pathway has been shown to sensitize cells to cisplatin ([@b22-ijmm-36-04-0957],[@b23-ijmm-36-04-0957]). However, studies have produced different data and have shown that ERK activation is required in cisplatin-induced apoptosis ([@b24-ijmm-36-04-0957],[@b25-ijmm-36-04-0957]); the inhibition of ERK activation has also been shown to markedly attenuate cisplatin-induced cell death ([@b26-ijmm-36-04-0957],[@b27-ijmm-36-04-0957]). The biological effects of p38 activation are also highly conflicting. The inhibition of p38 by SB203580 has been shown to significantly block Met-induced apoptosis in A549/CDDP cells ([@b28-ijmm-36-04-0957]), while other researchers have found that the inhibition of p38 sensitizes breast and gastric cancer cells to cisplatin-induced apoptosis ([@b29-ijmm-36-04-0957],[@b30-ijmm-36-04-0957]) and enhanced p38 activation has been associated with a poor overall survival in patients with breast cancer ([@b31-ijmm-36-04-0957]) and hepatocellular carcinoma ([@b32-ijmm-36-04-0957]). It has been reported that p38 enhances cancer cell growth after the acquisition of the malignant phenotype, and acts as a tumor suppressor, mainly at the onset of cellular transformation ([@b33-ijmm-36-04-0957],[@b34-ijmm-36-04-0957]). Thus, the role of ERK and p38 appears to be dependent upon the cellular context and stimuli. The constitutive activation of AKT has also been implicated in chemoresistance ([@b35-ijmm-36-04-0957]), while the inactivation of AKT signaling by chemicals sensitizes human cancer cells to cisplatin ([@b36-ijmm-36-04-0957]).

To further identify the functional specificities of these pathways in the synergistic effects of butein and cisplatin, in this study, we used AKT and ERK/p38 MAPK inhibitors. The results revealed that the AKT inhibitor enhanced the apoptotic effects of cisplatin, although the apoptotic effects induced by the AKT inhibitor in combination with cisplatin were not as prominent as those induced by combined treatment with butein and cisplatin. These findings suggest that butein exerts its sensitizing effects on cisplatin, to a certain extent, through the regulation of AKT, and that other signaling pathways are involved in the synergistic effects. We then found the dual inhibition of ERK/p38 MAPK and ERK or p38 in combination with butein enhanced the apoptosis induced by cisplatin, indicating that the inhibition of ERK and p38 by butein also plays a role in the synergistic effects of butein and cisplatin. Of note, we found that the inhibition of ERK promoted p38 activation, and the slight activation of ERK was also observed upon the inhibition of p38 in combination with cisplatin treatment, although no significant difference was observed. In fact, ERK inhibition triggers p38 activation in HeLa cells ([@b37-ijmm-36-04-0957]), and p38 inhibition has also been reported to upregulate the activation of the MEK-ERK1/2 survival pathway ([@b38-ijmm-36-04-0957]). A recent study by Chiacchiera *et al* ([@b38-ijmm-36-04-0957]) demonstrated that the combined inhibition of p38α and MEK specifically induced apoptosis through caspase-3 in colorectal cancer cells. These data indicate that there is a crosstalk between the ERK and p38 pathways, which is crucial for the therapeutic response. In addition, we observed that the AKT inhibitor decreased the phosphorylation of ERK and p38, while the inhibition of ERK and p38 had no effects on AKT activation, indicating that AKT may be the upstream signal of ERK and p38.

FoxO3a has been investigated as a crucial protein that is involved in the regulation of cell survival and proliferation, contributing to tumor suppression ([@b16-ijmm-36-04-0957]). The AKT and ERK-mediated phosphorylation of FoxO3a stimulate its ubiquitination, resulting in proteasomal degradation ([@b17-ijmm-36-04-0957],[@b40-ijmm-36-04-0957]). AKT directly phosphorylates FoxO3a at S253, which is a crucial residue regulating the nuclear/cytoplasmic shuttling of FoxO3a. FoxO3a localization in the cytoplasm is a key step leading to FoxO3a deactivation and degradation, and correlates with poor survival in patients with breast cancer ([@b39-ijmm-36-04-0957]). Studies have found that FoxO3a may be a key molecule of the p38 pathway and may be involved in drug resistance ([@b41-ijmm-36-04-0957],[@b42-ijmm-36-04-0957]). Since butein inhibited the AKT, ERK and p38 MAPK pathways, which are all involved in the regulation of FoxO3a, we subsequently examined whether FoxO3a is a key molecule involved in the synergistic effects of butein and cisplatin. We found that combined treatment with butein and cisplatin increased the nuclear translocation and expression of FoxO3a compared to treatment with cisplatin alone, and the downregulation of FoxO3a by RNAi significantly inhibited the synergistic effects of butein and cisplatin in HeLa cells, suggesting that butein exerts its chemosensitizing effects, in part through FoxO3a activation. Our *in vivo* findings revealed that butein and cisplatin exerted similar inhibitory effects on tumor growth, by increasing the FoxO3a protein level.

Activated FoxO3a is able to bind to promoters and induces the transcription of target genes, which include p21, p27 and cyclin D1 for cell cycle arrest, and Bim, Bcl-2 and Bax for cell apoptosis ([@b43-ijmm-36-04-0957]--[@b45-ijmm-36-04-0957]). Alterations in cell cycle progression in various tumors are often due to mutations or the overexpression of genes. As an inhibitor of cyclin E-Cdk2, p27 plays a pivotal role in controlling cell G1-S phase transition during development and tumorigenesis. In addition, cyclin D1 mediates the G1/S transition by binding to Cdk4 and also by sequestering a Cdk inhibitor of p21 and p27 ([@b46-ijmm-36-04-0957]). The present study demonstrated that the upregulation of p27 and the downregulation of cyclin D1 expression was induced by combined treatment with butein and cisplatin compared to treatmetn with cisplatin alone, which coincided with G1 phase arrest. This suggests that cyclin D1 and p27, two important regulators of the cell cycle, are intracellular targets of the butein-mediated anti-proliferative effects on HeLa cells through FoxO3a activation. The Bcl-2 family of proteins are important regulators of apoptosis ([@b47-ijmm-36-04-0957],[@b48-ijmm-36-04-0957]). In this study, the apoptosis induced by butein in HeLa cells was associated with the downregulation of anti-apoptotic Bcl-2 expression and an increased Bax expression.

Overall, the findings of this study reveal a new function of butein that enhances the sensitization of cervical cancer cells to cisplatin *in vitro* and *in vivo*, which may be related to the AKT and ERK/p38 MAPK pathways, at least to a certain extent, through the regulation of FoxO3a. These data shed some light on the synergistic antitumor effects of butein and cisplatin and verify the potential clinical use of butein.

The present study was supported by grants from the National Natural Science Foundation of China (no. 81202055); the Key Sci-tech Project of Shaanxi Province (no. 2012SF2-03) and the Sci-tech Project of Xi\'an City (no. SF1204(56).

![Effects of butein and/or cisplatin on cell proliferation, apoptosis and the cell cycle. (A) Both buein and cisplatin inhibited HeLa cell growth in a time- and dose-dependent manner. HeLa cells were treated with various concentrations of butein or cisplatin for the indicated periods of time; cell viability was determined by MTT assay. The data represent the means ± standard deviation (SD) from 3 independent experiments (^\*^P\<0.05; ^\*\*^P\<0.01 vs. control). HeLa cells were treated with butein (20 *µ*M) and/or cisplatin (20 *µ*M) for 48 h. (B) Cell viability was assessed by MTT assay. Butein synergistically enhanced the growth inhibitory effects induced by ciaplatin on HeLa cells. (C) Apoptosis was measured by flow cytometry PI/Annexin V staining. The percentages of apoptotic cells are indicated. Butein increased the apoptosis induced by cisplatin. (D) Cell cycle progresion was measured and the apoptotic sub G0/G1 population was analyzed by flow cytometry. Butein and cisplatin in combination led to G1 phase arrest, and the quantification of cells is shown. Data are representative of at least 3 independent experiments. Data are presented as the means ± SD from 3 independent experiments. ^\*^P\<0.05, ^\*\*^P\<0.01, as shown by the Student\'s t-test.](IJMM-36-04-0957-g00){#f1-ijmm-36-04-0957}

![AKT, ERK and p38 MAPK are involved in the synergistic effects of butein and cisplatin. (A) HeLa cells were treated with butein (20 *µ*M) and/or cisplatin (20 *µ*M) for the indicated periods of time. Western blot analysis was performed to measure the AKT, ERK and p38 phosphorylation levels. The results revealed a decreased phosphorylation of AKT, ERK and p38 following 24 h of co-treatment with butein and cisplatin; (means ± SD; ^\*^P\<0.05; ^\*\*^P\<0.01, vs. cisplatin alone for 24 h). (B) MTT assays were performed to analyze cell viability after 48 h of co-treatment with U0126/SB203580/LY294002 and cisplatin/butein. (C) Cell apoptosis were assessed by flow cytometry and PI/Annexin V staining. Data are representative of at least 3 independent experiments. Data are presented as the means ± SD from 3 independent experiments. ^\*^P\<0.05, ^\*\*^P\<0.01, as shown by the Student\'s t-test.](IJMM-36-04-0957-g01){#f2-ijmm-36-04-0957}

![Effects of treatment with inhibitors in combination with butein/cisplatin on ERK, p38 and AKT activation. HeLa cells pre-treated with LY294002/U0126/SB203580 were treated with cisplatin/butein for 24 h. ERK, p38 and AKT phosphorylation was monitored by western blot analysis. Data are presented as the means ± SD from 3 independent experiments. ^\*^P\<0.05, ^\*\*^P\<0.01, as shown by the Student\'s t-test.](IJMM-36-04-0957-g02){#f3-ijmm-36-04-0957}

![FoxO3a plays a role in the synergistic effects of butein and cisplatin. (A and B) Butein in combination with cisplatin results in the enhanced expression and nuclear translocation of FoxO3a. After 48 h of incubation of butein and/or cisplatin, the cells were examined by (A) western blot analysis and (B) immuno-fluorescence staining (representative fields at ×400 magnification). (C) FoxO3a knockdown by RNAi. Cells were incubated for 48 h with a siRNA against FoxO3a or a control siRNA and then treated for 24 h with butein and cisplatin. Total cell lysates were examined by western blot analysis to confirm the downregulation of FoxO3a. (D) Cells were stained with propidium iodide (PI) and Annexin V. The percentages of apoptotic cells are indicated. Data are presented as the means ± SD from 3 independent experiments. ^\*^P\<0.05, ^\*\*^P\<0.01, as shown by the Student\'s t-test.](IJMM-36-04-0957-g03){#f4-ijmm-36-04-0957}

![Effects of butein in combination with cisplatin on the expression of cyclin D1, p27, Bax and Bcl-2. Western blot analysis of cyclin D1, p27, Bax, Bcl-2 and β-actin expresion following incubation with butein and/or cisplatin for 48 h. Data are presented as the means ± SD from 3 independent experiments. ^\*^P\<0.05, ^\*\*^P\<0.01, as shown by the Student\'s t-test.](IJMM-36-04-0957-g04){#f5-ijmm-36-04-0957}

![Butein enhances the antitumor effects of cisplatin *in vivo*. (A) Athymic mice bearing subcutaneous tumors were treated intraperitoneally with PBS, cisplatin or butein + cisplatin, and the tumor volume was calculated. Data represent the means (cm^3^) ± SD (n=4 per group). ^\*^P\<0.05, ^\*\*^P\<0.01, as shown by the Student\'s t-test. (B) Body weight of nude mice with subcutaneous tumor xenografts was monitored every other day. No obvious differences in body weight were observed between the controls, or the mice treated with cisplatin or butein alone. Values are presented as the means (g) ± SD (n=4 per group). (C) Immunohistochemical staining of FoxO3a in subcutaneous tumor samples revealed increased expression levels of FoxO3a in the group treated with both agents, as compared with the controls and the group treated with cisplatin alone. Images were acquired at ×400 magnification.](IJMM-36-04-0957-g05){#f6-ijmm-36-04-0957}
